INTRODUCTION
Chlamydiae are obligate intracellular parasites of vertebrates, of some arthropod species, and of several free-living amoebae (reviewed in references 14, 32, and 68). They exhibit a peculiar two-stage developmental cycle that includes an extracellular infectious elementary body and an intracellular vegetative reticulate body. A further infective stage, the crescent body, was recently described for the Parachlamydiaceae (41), a new family within the order Chlamydiales.
The family Chlamydiaceae comprises two genera, Chlamydia and Chlamydophila (29) . While Chlamydia species seem to infect only mammals such as humans, rodents, and swine, host specificity for Chlamydophila species is less strict, including for amphibians, reptiles, birds, and mammals (14) . Both Chlamydia and Chlamydophila species comprise important human pathogens (88) . Chlamydia trachomatis is a common cause of urogenital infection in humans and the agent of trachoma, one of the leading infectious causes of blindness worldwide. Chlamydophila pneumoniae is another important human pathogen, causing mainly respiratory infections. C. pneumoniae might also be involved in the pathogenesis of atherosclerotic cardiovascular diseases (8) and neurodegenerative syndromes (91) . The other species are mainly veterinary pathogens, though some of them may cause rare but severe anthropozoonotic infections, such as psittacosis due to Chlamydophila psittaci or zoonotic abortion due to Chlamydophila abortus (14, 68, 83) .
Historically, the term "chlamydia-like organisms" has been applied to refer to any intracellular microorganism that, like Chlamydiaceae, exhibited a two-stage developmental cycle. Since phylogenetic molecular analyses performed on some of these chlamydia-like organisms have showed this group to be polyphyletic, the term "chlamydia-like organisms" is only descriptive and retains no taxonomic value. Other authors (55, 56) proposed the term "environmental chlamydiae" to refer to chlamydial organisms that fall outside the family Chlamydiaceae, with the latter being designated "pathogenic chlamydiae." However, such a distinction seems inadequate, since a growing body of evidence supports the pathogenic role of some of these chlamydiae (32, 40) . By analogy to the term "amoeba-resistant microorganisms" (43) , the term "amoeba-resisting chlamydiae" could also be applied to the species that may infect and survive within amoebae, i.e., Parachlamydiaceae, Simkania negevensis, and Waddlia chondrophila (see below). Indeed, most of these new species exhibited symbiotic or lytic interaction with amoebae. Nevertheless, since not all new species of chlamydiae have been tested for their ability to resist destruction by free-living amoebae, the more general term "novel chlamydiae" should be preferred to designate all the chlamydiae not belonging to the Chlamydiaceae.
These chlamydiae, which have recently been discovered and assigned to new families, are currently being investigated for their role as emerging pathogens. Simkania negevensis (family Simkaniaceae) (32) and Parachlamydia acanthamoebae (family Parachlamydiaceae) (40) could represent important respiratory pathogens in humans, while Waddlia chondrophila (family Waddliaceae) seems to be a new agent of abortion in ruminants (21, 53) .
Molecular studies performed on human and animal samples have demonstrated the wide biodiversity and broad host range of chlamydiae. Thus, additional Parachlamydiaceae species, such as Neochlamydia sp., and a large variety of new 16S rRNA gene phylotypes have been detected in humans (15, 17) , cats (93) , Australian marsupials (7, 20) , reptiles (6, 90) , and fishes (24) , as well as in various environmental samples (16, 18) .
Moreover, new members of the Chlamydiales infecting invertebrates have recently been characterized. These include Fritschea bemisiae and Fritschea eriococci (family Simkaniaceae), which infect homopteran insects (28, 92) , and Rhabdochlamydia porcellionis (64) and Rhabdochlamydia crassificans (19) , which infect the woodlouse Porcellio scaber (Crustacea: Isopoda) and the cockroach Blatta orientalis (Insecta: Blattodea), respectively. The presence of chlamydiae in arthropods is interesting, since arthropods were not previously considered to play a role in the epidemiology of chlamydial infections, with the only exception being flies as a vector of the agent of trachoma (25, 26) . To date, if we exclude cases of possible Rhabdochlamydiarelated uveitis in humans (see below), there is no hint that these invertebrate-associated chlamydiae may be pathogenic to humans.
Evidence for a much larger biodiversity within Chlamydiales was afforded by several molecular studies performed on humans, animals, and environmental samples (Table 1) . Here we report the present knowledge on the pathogenicity of all Chlamydiales except Chlamydiaceae, and we review the diagnostic methods currently available to diagnose human infections potentially due to these emerging pathogens.
PATHOGENIC POTENTIAL OF NOVEL CHLAMYDIAE

Human Infections
Parachlamydiaceae. Humans are commonly exposed to Parachlamydiaceae, as demonstrated (i) by the presence of two strains of Parachlamydia acanthamoebae within amoebae isolated from the nasal mucosa of two healthy volunteers (1, 74, 77) and (ii) by the amplification of Parachlamydia sp. DNAs from nose and/or throat swabs (17, 73, 80) .
There is much evidence supporting the role of P. acanthamoebae as an emerging respiratory pathogen (reviewed in reference 40). First, Parachlamydia strain Hall's coccus was discovered in an amoeba isolated from the source of an outbreak of fever (65) , and a serological study identified an association with an acute infection (5). In another serological study, a fourfold increase in antibody titers against P. acanthamoebae was observed in 2 of 500 patients with pneumonia (4). In addition, 8 of 371 (2.2%) patients with community-acquired pneumonia exhibited antibodies directed against P. acanthamoebae, compared to 0 out of 511 healthy subjects (P ϭ 0.001) (71) . Two patients described in that study presented pneumonia and serological evidence of acute P. acanthamoebae infection (71) . The first patient suffered from an adult-onset Kawasaki disease (acute vasculitis following respiratory infection). The second patient was a renal transplant recipient chronically treated with cyclosporine and corticosteroids. This seroconversion in an allograft recipient treated with immunosuppressive drugs (71) and the fact that another case of probable Parachlamydia pneumonia was identified in a human immunodeficiency virus-infected subject with only 80 CD4 cells/mm 3 (51) suggest that P. acanthamoebae is an opportunistic human respiratory pathogen. Recently, significant antibody titers against P. acanthamoebae have been detected in 5 of 37 (13.5%) polytraumatized intensive care patients, while serology was negative in 100 blood donors (P ϭ 0.001) (48) . In that work, which highlights the high prevalence of P. acanthamoebae infection in intensive care unit patients, seroconversion was associated with aspiration pneumonia. The temperature-dependent release of P. acanthamoebae (45) further supports the role of this amoeba-resisting chlamydia in this clinical setting. The amplifications of Parachlamydia sp. DNA from bronchoalveolar lavage fluid and sputum are additional hints of a potential pathogenicity (15, 17, 51) . Finally, P. acanthamoebae may enter and multiply within human macrophages (44, 49, 50) . These studies suggest that human exposure to Parachlamydiaceae spp. may lead to bronchitis, communityacquired pneumonia, and aspiration pneumonia. No animal model of infection has yet been established, and further studies are needed to better define the role played by Parachlamydiaceae as agents of pneumonia.
The pathogenic role of Neochlamydia hartmannellae (57) is unknown and remains to be determined. However, this microorganism could play a role in ocular infections, as Neochlamydia sp. strain UWC22 has been recovered within an Acanthamoeba isolated from a contact lens of a patient with keratitis (36, 37) . Whether this role is direct, with a pathogenesis similar to that of infections due to other ocular chlamydiae such as C. tracho- (11) , is still unknown. Some Parachlamydiaceae might be involved in bronchitis, atherosclerosis, uveitis, and urogenital infection, since 16S rRNA gene sequences related to Parachlamydia were also amplified from mononuclear cells taken from a patient with bronchitis (80), as well as from arterial, aqueous humor, and cervical samples (73) .
Simkania negevensis. Simkania negevensis is another chlamydia that resists destruction by free-living amoebae and that may use the amoebae as an environmental reservoir (59, 61) . Its role as an emerging human respiratory pathogen is suspected (32) . Epidemiological studies using PCR, cell culture, and serology have documented not only the worldwide presence of this microorganism (31, 33, 39, 58) but also its association with bronchiolitis in infants (39, 60, 81) and with lower respiratory tract infections in adults (34, 66, 67, 81) . More recently, S. negevensis DNA has also been amplified from human arterial biopsy specimens (32) .
Uncharacterized chlamydia lineages. In addition, various 16S rRNA gene sequences not specifically belonging to any known chlamydia species have been obtained by PCR and sequencing from different human samples, including arteries and aqueous humors (73) . It is noteworthy that some of the DNA sequences amplified from aqueous humors of patients suffering from uveitis showed a high level of similarity with the 16S rRNA gene sequences of the arthropod parasite Rhabdochlamydia (reviewed in reference 14).
Infections in Other Vertebrates
Molecular approaches have shown that all classes of vertebrates are exposed to chlamydiae (Table 1 ) (reviewed in ref- erence 14) . Further studies are necessary to reliably identify chlamydial species and to clarify the pathogenic potential of each novel chlamydia in animals, since most of these studies are based only on DNA amplification plus sequencing and since most sequenced DNA fragments are less than 300 nucleotides in length (7, 73, 90, 93) .
Parachlamydiaceae. Parachlamydiaceae could have some importance as ocular pathogens of cats (93), urogenital and ocular pathogens of various species of Australian marsupials (7, 20) , and systemic pathogens of reptiles (6, 90) . Neochlamydia sequences have been obtained from artery samples of swine and gills of fishes (73) .
Simkaniaceae. The presence of Simkania-related organisms in vertebrates is indicated by PCR studies: Soldati et al. obtained 23S rRNA gene sequences with some similarity to Simkania genes from various tissues of reptiles (90) , and Simkanialike 16S rRNA gene sequences were also obtained from other animal species, but their affiliation to the Simkaniaceae clade is not clearly established (73, 80) .
Waddliaceae. Waddlia chondrophila (85) is a new agent of bovine abortion. This chlamydia has been isolated from two aborted fetuses, in the United States (21) and in Germany (53) . A recent serological study revealed a significant statistical association between anti-Waddlia antibody titers and cows that have aborted (22) . Future research on the mechanisms leading to abortion and on the abortive potential of Waddlia are warranted, given the veterinary and socioeconomic impact of abortion in cattle. More importantly, the role of W. chondrophila as an emerging agent of bovine abortion should lead to the evaluation of its role as a potential zoonotic agent, since C. abortus, another ruminant abortigenic chlamydia, was shown to cause zoonotic abortion in humans (83) . The Waddlia 16S rRNA gene has also been detected in urogenital samples from healthy Australian marsupials (Potorous gilbertii) (7) . Moreover, a new species, Waddlia malaysiensis, has been isolated from urine samples from the Malaysian fruit bat Eonycteris spelaea (9, 10) . This may have important epidemiological implications given the important role of bats as vectors of various zoonotic pathogens.
Piscichlamydia. Piscichlamydia salmonis is a recently identified chlamydial organism detected in the gill tissues of Atlantic salmon and thus indicated as the probable etiologic agent of the gill epitheliocystis in this fish species (24) . Gill epitheliocystis is an infectious disease caused by chlamydia-like organisms, occurring worldwide and affecting several marine and freshwater bony fish species, most of which have important economic value. Limited molecular studies have indicated chlamydiae, not necessarily belonging to the same Piscichlamydia lineage, as etiologic agents of this disease (73) .
Uncharacterized chlamydia lineages. New 16S rRNA gene phylotypes, presumably representing distinct lineages, have been detected in various sample types from several mammals, birds, and fishes (7, 20, 73) .
INTERACTIONS BETWEEN CHLAMYDIAE AND AMOEBAE
Free-living amoebae such as Acanthamoeba and Hartmannella play a key role as reservoirs ( Fig. 1 ) and/or vectors for a variety of amoeba-resisting microorganisms (reviewed in reference 43), including the chlamydiae. Acanthamoeba is a suitable host for most Parachlamydiaceae (1, 76) and S. negevensis (59, 61) , whereas Hartmannella, Balamuthia, Dictyostelium, and Naegleria (Table 2) are also able to sustain infection by some Parachlamydiaceae (57, 89) , S. negevensis (75) , and Waddlia chondrophila (78) . Various interactions between chlamydiae and amoebae may take place, depending on the chlamydial and the amoebal species and strain and on environmental conditions. Thus, P. acanthamoebae is endosymbiotic at 25 to 30°C and lytic at 32 to 37°C for Acanthamoeba spp. (45) . Since the temperature of the human nasal mucosa is generally lower (about 30°C) than that of the lower respiratory tract (generally between 35 and 37°C), P. acanthamoebae could reside symbiotically within amoebae present on the nasal mucosa and induce the lysis of the amoebae that reach the lower respiratory tract, inducing their own release and possibly starting an infectious process. Conversely, the virulence of the amoebae could be increased when harboring chlamydiae. Fritsche et al. (35) reported that the cytopathic effect on human embryonic tonsillar fibroblasts was enhanced by 66 to 70% when Acanthamoeba contained the Parachlamydia-related symbiont UWE25, which was recently designated as a new genus and species, Protochlamydia amoebophila (11) .
Additionally, the growth rate of the amoebae may be differen- tially affected by their parachlamydial symbionts. Thus, Hartmannella vermiformis infected by Neochlamydia hartmannellae grew more rapidly, while an Acanthamoeba sp. infected by Protochlamydia amoebophila (strain UWE25) grew more slowly, with respect to the aposymbiotic amoebae (12) . Interestingly, this amoebaparachlamydia couple (Acanthamoeba sp. strain UWC1/Protochlamydia amoebophila UWE25) was the same that showed the stronger cytopathic effect enhancement in the study by Fritsche et al. (35) . Similarly, amoebal development stages, such as encystment (Acanthamoeba), enflagellation (Naegleria), or body fruiting (Dictyostelium), may be differentially affected depending on the infecting chlamydial strain (57, 75, 76, 78, 89) . Notably, only Hartmannella strains were susceptible to infection at the first challenge with Waddlia chondrophila, whereas Waddlia grown in hartmannellae acquired the ability to infect several other free-living amoebae (78) . Whether chlamydiae and amoebae in some way influence each other's virulence deserves additional studies. However, it is likely that the ability of P. acanthamoebae to resist the microbicidal effector mechanisms of macrophages (44) has been acquired during their long history of coevolution with amoebae (43) .
PROCESSING OF MICROBIOLOGICAL SPECIMENS
Little information is available on the optimal procedures for collecting and processing the novel chlamydiae. Handling of clinical samples for detection of chlamydiae should be performed in a biosafety level 2 security laboratory, given their pathogenic potential and the fact that various chlamydiae share the same ecological niche (the amoebae) with other amoeba-resisting bacteria of established pathogenicity, such as Legionella pneumophila.
The obligate intracellular nature of chlamydiae implies that an adequate specimen must contain infected host cells and/or a sufficient amount of extracellular elementary bodies. Since extracellular elementary bodies are unlikely to be present during persistent infection, the presence in the specimen of infected host cells is mandatory for both culture and nucleic acid amplification. For mucosal specimens, swabbing seems appropriate for the recovery of a sufficient amount of infected cells. Alginate swabs should be avoided since they may produce artifacts when Giemsa staining is performed. Cotton swabs are preferred. Sampling error may be reduced by scraping of mucosal surfaces, which increases the cellular yield compared to simple swabbing. However, this somewhat invasive procedure may induce bleeding and should be used only for selected indications.
Specific transport media such as the 2-sucrose phosphate or the sucrose-glutamate phosphate medium, originally developed for rickettsiae, may be used. Commonly available viral transport media generally contain antimicrobial agents and should therefore be avoided, since macrolides and tetracyclines inhibit the growth of both Parachlamydia (72) and Simkania (32) and tetracyclines are active against Waddlia species (10, 85) . Bacterial overgrowth may be prevented by adding gentamicin (10 g/ml) and/or vancomycin (100 g/ml) to the transport medium. Although amphotericin B (1 to 5 g/ml) is frequently used to prevent fungal overgrowth in cell culture, this compound should be avoided for amoebal coculture given the susceptibility of most free-living amoebae to amphotericin B.
Parachlamydiaceae, Simkania negevensis, and Waddlia spp. have been isolated and propagated in cell cultures or amoebae by using transport media and/or culture media containing penicillins (1, 10, 21, 53, 60) . However, the use of penicillins should ideally be avoided given the susceptibility of Chlamydiaceae and the potential susceptibility of the other chlamydiae to penicillins and, by analogy with what is known for Chlamydiaceae, given the risk of induction of persistent nonmultiplying aberrant forms.
Microbiological specimens should be stored at 4 to 8°C and processed as soon as possible. If the time between collection and processing is Ͼ24 h, specimens should be frozen at Ϫ70°C. Freezing may result in a loss of chlamydial viability. This loss has been estimated at up to 20% for Chlamydiaceae and may be reduced by the addition of fetal bovine serum (2 to 10%) (2) . No data are available for novel chlamydiae.
NUCLEIC ACID AMPLIFICATION
Nucleic acid amplification by PCR and related techniques is widely used in clinical microbiology laboratories in order to detect and/or identify any microorganisms that may be present in clinical samples. These molecular techniques are especially useful in epidemiological studies and as diagnostic tools, e.g., when used for the identification of microorganisms that are difficult to grow in culture. Additionally, PCR approaches that target phylogenetically informative genes such as the 16S rRNA gene contribute to the identification of new strains and species.
PCR techniques that target mainly the ribosomal operon have recently been developed to study the novel chlamydiae. However, sequences of other genes of additional diagnostic and phylogenetic value, such as the ATP/ADP translocaseencoding gene (42) , are becoming available. At present, whole genome sequences are available for various Chlamydia and Chlamydophila strains, for Protochlamydia amoebophila strain UWE25 (55) , and for S. negevensis (see the website http://www .tigr.org/tdb/mdb/mdbinprogress.html), whereas a 16.6-kbp genome portion, including the ribosomal operon and nine other genes, has been determined for Fritschea bemisiae (92) . PCR tests that have been developed mainly for diagnostic purposes are summarized in the following section.
Species and Strain Identification
Species and strain identification may be achieved by (i) applying taxon-specific primers, either directly or as inner primers in a nested PCR; (ii) analysis of electrophoretic profiles after enzymatic restriction of amplicons (PCR-restriction fragment length polymorphism); or (iii) sequencing of PCR products. For the new chlamydiae, sequencing of the 16S rRNA gene remains the optimal method to infer strain affiliation, since this housekeeping gene carries some phylogenetic information and since 16S rRNA gene sequences are available for all type strains. Supporting this idea is the recent study of Maraha et al. (69) , which, after sequencing of various 16S rRNA gene clones obtained with primers considered specific for C. pneumoniae, found that they were parachlamydiae.
The use of a primer set amplifying a small portion of the gene (e.g., 300 bp) may be ideal to screen a large numbers of samples, mainly due to the reduced cost of this approach. This approach may also be useful in the setting of degradation of nucleic acids, as in the case of paraffin-embedded tissues (6, 90) . However, sequencing of larger gene portions or of other less conserved genes provides phylogenetic information that is necessary to reliably infer the phylogenetic relationship of the strain.
16S rRNA Genes
Universal/eubacterial primer sets have been used to amplify and sequence the 16S rRNA genes of uncharacterized chlamydia-like organisms first documented by morphological analyses and then described as Parachlamydiaceae (5, 36) , as Waddlia chondrophila (85) , and as Rhabdochlamydia porcellionis (64) . These primer sets have in some instances also allowed identification of new chlamydial phylotypes from whole DNA extracts of environmental samples. However, their application to clinical samples is limited, as DNA from almost all bacteria, including normal microbiota, may be amplified.
Using the growing number of Chlamydiales sequences available, pan-chlamydia primer sets have been designed and applied to clinical and environmental samples to specifically detect chlamydiae (Table 3) . Thus, using chlamydia-specific primers (For2/Rev2 [ (7, 20, 93) have applied the chlamydial primer set 16SIGF/16SIGR described by Everett et al. (29) to amplify nearly the same region at the 5Ј end of the 16S rRNA gene from clinical samples from various animals. Applying this primer set to koala samples, Devereaux et al. (20) determined various chlamydial sequences, named UKC (for uncultured koala chlamydia), and they noted that several of these sequences have a C or a T at primer position 9 (position 58 in P. acanthamoebae 16S rRNA gene numbering; accession no. Y07556). The same is true for several environmental clones sequenced by Horn and Wagner (56) . Molecular studies that used the pan-chlamydia forward primer described by Ossewaarde and Meijer (80) , ending at that position but with an A, may well have missed several chlamydial genotypes (20) . The primers ccF and ccR, developed by Kahane et al. (61) to detect Simkania, amplify a 512-bp fragment from position 420 to 930 of the 16S rRNA gene and may also be considered pan-chlamydia primers. The degenerate primers CF1/CR6 have been used to amplify nearly complete 16S rRNA genes from all known chlamydiae (17) . Speciesspecific primers targeting the 16S rRNA gene have also been designed. Kahane et al. developed an S. negevensis-specific PCR by using the primer set ZPF/ZPR, which amplifies a 398-bp fragment of the 16S rRNA gene (position 457 to 859 in the S. negevensis numbering; accession no. U68460) (39, 60) . ZPF/ZPR may also be applied as an inner set in a nested PCR, using ccF/ccR as external primers (61).
23S rRNA Genes
Recently, Soldati et al. (90) designed a pan-chlamydia primer set, 23SAPF2/23SAPR, amplifying a 92-bp fragment of the 23S rRNA gene. This primer set, applied to 90 tissue samples from various species of reptiles suffering from various granulomatous diseases, successfully amplified C. pneumoniae DNA (n ϭ 9; 10%) and DNAs of Parachlamydia/Simkania-related organisms (n ϭ 49; 54.4%). c The IntF/IntR set used in nested PCR on AF/AR amplicons. There are four mismatches with the F. bemisiae sequence for primers AF and IntF but no mismatch for primer AR. There are three to seven mismatches with sequences of other Chlamydiales for primers AF and AR.
d Specificity was determined with the sequences available at the time of primer design. For pan-chlamydia primers, such specificity may not cover all the newly determined sequences.
e This primer set was applied in a real-time PCR with an internal probe. f Primer ccF matches exactly the last seven nucleotides at the 3Ј end but has two to five mismatches at the 5Ј end for sequences other than S. negevensis. (30) designed Simkaniaspecific primer sets in order to amplify the region of the gene harboring this intron. A first primer set, AF/BR, amplifies a 1,100-bp region of the 23S rRNA gene flanking the intron, whereas an inner primer set, IntF/IntR, targeting the intron sequence, produces a 338-bp fragment (Table 3) . During a first amplification, this nested PCR strategy might also detect intronless strains (yet unrecognized). It has been applied to detect S. negevensis from water samples (61) . This nested PCR, however, did not detect F. bemisiae. Indeed, while complete overlapping for the AR primer exists for sequences of both Fritschea species, the F. bemisiae sequence has four nucleotide mismatches for the AF and IntF primers and a 16-bp nonoverlapping fragment for the IntR primer. Three to seven nucleotide mismatches are present for the AF/BR set with sequences of other Chlamydiales.
Other Genes
Other genes have been used as targets for amplification by PCR. Petrich et al. (81) developed a Simkania negevensis-specific PCR targeting the heat shock protein 60-encoding gene (groEL). This PCR was successfully applied both to peripheral blood mononuclear cells taken from patients with chronic obstructive pulmonary disease and to nasopharyngeal swabs from infants with respiratory illness and nursing home patients. Greub et al. used a real-time PCR targeting the tlc gene for the diagnosis of P. acanthamoebae infection (51) . This gene encodes an energy parasite enzyme, the ADP/ATP translocase, which is present only in Rickettsiales, Chlamydiales, and plant plastids (42) . Since the gene is not present in other bacterial genomes, the risk of false-positive PCRs due to amplification of DNAs of other bacterial species such as Neisseriaceae, streptococci, and other oropharyngeal colonizers that frequently contaminate respiratory samples is limited. The specificity of this PCR was increased by using a real-time system with a specific primer set and a specific probe. An additional advantage of this real-time PCR was its reliability in quantifying the number of P. acanthamoebae organisms (45, 49) . However, the high specificity of this PCR prevents its use to detect Neochlamydia and any infection due to more distant members of the Chlamydiales.
Recently Griffiths et al. (51a) described insertion/deletion signatures, i.e., indels, characteristic for Chlamydiales, including Chlamydiaceae and Parachlamydia, Neochlamydia, Simkania, and Waddlia species. These indels are within five essential proteins: the RNA polymerase alpha subunit (RpoA), the elongation factors Tu and P (EF-Tu and EF-P), the DNA gyrase beta subunit (GyrB), and the lysyl-tRNA synthetase (LysRS). In addition to providing very interesting phylogenetic data, this work will probably have some practical applications also, as it describes new tools for the identification of chlamydiae beside the ribosomal operon.
False-Positive and False-Negative Results
A major problem of PCR-based diagnostic approaches is the risk of false-positive results. These are principally due to (i) vertical contamination of the sample by previously amplified products, (ii) the accidental presence of the nucleic acid target in the specimen, and (iii) unexpected low specificity of the PCR protocol.
Vertical contamination is especially frequent when a high number of reactions that target the same DNA region are carried out or when nested PCR is performed. Detection of vertical contamination may be facilitated by using multiple blank reaction tubes intermixed with sample reaction tubes and by confirming any positive results by a second PCR that targets a second gene (47) . The risk of vertical contamination may be reduced by performing the extraction, amplification, and postamplification steps in separate rooms; by using hotstart polymerases; and by decontaminating workplaces (e.g., by UV irradiation and PCR reagents such as restriction enzyme and/or dUTP-uracil-DNA glycosylase) at regular time intervals.
False-positive amplification products may also result from the presence of the microorganism (or of part of its genomic material) in PCR reagents (water, deoxynucleoside triphosphates, or enzyme stocks). The presence of the target DNA in laboratory reagents has caused false-positive results for chlamydiae in at least two studies (69, 73) . False-positive results may also occur due to the presence of parachlamydiae in the noses of healthy volunteers (1) and the presumable secondary contamination of lower respiratory tract samples with the subjects' oropharyngeal secretions.
An unexpectedly low specificity of the PCR protocol may be attributable to the low specificity of the primers used because of the presence in the specimen of as-yet-unrecognized species harboring the same target sequence (69) or may originate from suboptimal temperatures and magnesium concentrations.
Given the significant risk of false-positive results, a single positive PCR or nested PCR is only a first indirect hint of the presence of a chlamydia in the specimen. Confirmation of the presence of viable microorganisms by reverse transcription-PCR or culture may be important. On the other hand, false-negative results may result from inadequate sensitivity of the PCR protocol and from the presence of PCR inhibitors.
CELL CULTURE
The isolation and propagation of intracellular bacteria such as chlamydiae in a cell culture system are fundamental in demonstrating the presence of a viable organism in the clinical sample and characterizing the strain beyond its gene sequence. Considering the huge diversity within chlamydiae that is suggested by molecular studies, efforts should be made to adapt cell culture protocols to allow the recovery of these new species. Chlamydiaceae have been cultivated into embryonated eggs, but this culture system was relatively rapidly replaced by cell cultures, which are easier and more sensitive (2) . Embryonated eggs are used today mainly for massive production of antigens or for propagation of fastidious strains (2) . Egg culture has not yet been tested for any novel chlamydia.
The possibility of Chlamydiaceae entering into a persistent/ cryptic state is a key pathogenic feature explaining the wide range of chronic diseases that most Chlamydiaceae seem to induce in their vertebrate hosts (3, 54) . However, persistence complicates the laboratory diagnosis of chlamydial infection, at least when using culture-based approaches, potentially leading to false-negative results. It is yet unknown whether Parachlamydiaceae, Simkaniaceae, and Waddliaceae may also show a persistent state and VOL. 19, 2006 PATHOGENIC POTENTIAL OF NOVEL CHLAMYDIAE 291
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Mammalian Cells
As obligate intracellular parasites, chlamydiae are generally isolated and grown on monolayers of mammalian cells. To screen for the presence of bacteria in cell culture, standard stains such as Giemsa and Gimenez stains can be used. Immunofluorescence techniques, using homemade specific antibodies raised against each novel chlamydia, are employed in some laboratories.
Chlamydiaceae. Various cell lines are routinely used for members of the Chlamydiaceae, with each species or biovar showing a relative specificity for a given cell type (2, 86) . Following inoculation, centrifugation (1,000 to 3,000 ϫ g, 1 h, 30 to 35°C) is generally used for Chlamydiaceae, as it increases the infectious rates by about 100-to 1,000-fold (79, 86) . The culture is then incubated for 5 to 14 days, with some protocols requiring more than one passage. Penicillin and derivatives should be avoided because they may disturb the development of Chlamydiaceae by inducing aberrant nonreplicating developmental stages (3). Bacterial and fungal overgrowth is prevented by adding gentamicin (10 to 50 g/ml), vancomycin (100 g/ml), and amphotericin B (1 to 4 g/ml). Since chlamydiae are "energy parasites" that utilize the host cell ATP pool (42, 79) , inhibitors of eukaryotic metabolism such as cycloheximide (1 to 5 g/ml) may be added to the growth medium. This favors chlamydial growth by limiting host cell utilization of energy. The importance of cycloheximide to promote the growth of Chlamydiaceae in cell culture is for some Chlamydiaceae much smaller than that of the initial centrifugation (86) .
Simkania negevensis. S. negevensis and Waddlia spp. have been grown in various cell lines (Table 4) . S. negevensis was discovered as a cell culture contaminant (62) . Vero cells are currently used to isolate S. negevensis from clinical samples (39, 60) . However, successful culture has also been obtained using HeLa cells, HEp-2 cells, and the human macrophage cell line U937 (32, 62) . To optimize the propagation of S. negevensis in Vero cells, Yamaguchi et al. (95) recently applied various protocols that included (i) centrifugation or sonication of the inoculum, (ii) pretreatment of the cell monolayer with polyethylene glycol or DEAE-dextran, and (iii) use of culture media of different compositions regarding fetal calf serum con- Table 2 ). Sensitive to aminoglycosides in Acanthamoeba coculture (72) . c Other authors reported on the failed propagation on this cell line, as well as on McCoy cells, murine P388D1 macrophages, and human embryonic lung fibroblasts (72 Table 2 ).
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Those authors found that the number of inclusions was significantly higher when the inoculum was centrifuged (1,500 ϫ g, 60 min, 35°C). Sonication had no effect. By contrast, pretreatment of Vero cells with either polyethylene glycol or DEAEdextran decreased the number of inclusions, as did the addition of cycloheximide. Thus, ideal conditions may include centrifugation of the inoculum on untreated Vero cells grown in RPMI 1640 medium with 10% fetal calf serum, the addition of antibiotics, and no cycloheximide. The efficiency of this protocol when applied to clinical samples remains to be evaluated and to be compared to amoebal coculture (see below). Waddliaceae. Waddlia chondrophila (strain WSU 86-1044) was first isolated from a fetal homogenized lung-liver pool by inoculating bovine turbinate cells incubated at 35°C in a penicillin-containing medium without centrifugation (21) . The same strain was also propagated in P388D1 mouse macrophages without antibiotics in order to study its developmental cycle (63) . Henning et al. (53) reported the isolation of an additional strain (2032/99) from bovine fetal heart on Buffalo green monkey cells, McCoy cells, and human diploid fibroblasts. Waddlia malaysiensis was isolated on Vero cells inoculated with pooled urine samples from Malaysian fruit bats, and the strain was successfully propagated in various human, simian, and rodent cell lines (9, 10) ( Table 4) .
A rapid cytopathic effect on bovine turbinate cells and Vero cells appeared at 36 h postinfection (p.i.) and 5 to 7 days p.i. for W. chondrophila (21) and W. malaysiensis (10), respectively. Thus, although a large number of cell lines may be appropriate for the growth of Waddlia and Simkania, Vero cells might be the preferred mammalian cell line, being permissive to representatives of both genera.
Parachlamydiaceae. Mammalian cells are generally not used to grow Parachlamydiaceae. A first report on the culture of P. acanthamoebae (strain Berg17) in Vero cells (1, 77) has not been confirmed using another P. acanthamoebae strain (Bn9) (72) . McCoy cells, P388D1 macrophages, and human embryonic fibroblasts were also not permissive to that strain (72) . Successful infection of blood-derived human macrophages has, however, been obtained for another P. acanthamoebae strain (Hall's coccus) by Greub et al. (49) . P. acanthamoebae strain UV-7 was propagated in Vero, HeLa, and H292 cells after an initial recovery in amoebal coculture (13) . The Parachlamydiaceae strain CorvenA4, present in a human bronchoalveolar lavage sample, has been characterized by the 16S rRNA gene sequence only, since its isolation on both Vero and HeLa cells failed (15) . Because Maurin et al. (72) found P. acanthamoebae susceptible to gentamicin in an Acanthamoeba system, the use of aminoglycosides should probably be discouraged since it might hamper the recovery of Parachlamydiaceae and some other new chlamydiae.
Other novel chlamydiae. Chlamydiae that infect arthropods, i.e., Fritschea and Rhabdochlamydia, have not yet been tested for their ability to grow in vertebrate cells, and the vast majority of studies describing other novel chlamydiae have been limited to molecular approaches. Bodetti et al. (7) used HEp-2 cells to isolate chlamydiae from various Australian marsupial species that were swabbed at the urogenital sinus, conjunctiva, and nasopharynx. Inocula were centrifuged at 800 ϫ g on cycloheximide-treated cells, and repeated centrifugations at 4 to 7 days p.i. were performed. By using a commercially available anti-chlamydial lipopolysaccharide (LPS) fluorescent monoclonal antibody, six isolates were detected, but only one was successfully subcultured. The specificity of anti-LPS monoclonal antibodies to Chlamydiaceae species (but see "Staining" below) and the unknown permissivity of HEp-2 cells to most other chlamydiae (S. negevensis is the only documented exception [32] ) could explain the low rate of positive results obtained by standard cell culture protocols.
Amoebal Coculture
Free-living amoebae, mainly Acanthamoeba spp., have been shown to be natural hosts for several amoeba-resisting bacteria, including Parachlamydiaceae. These unicellular eukaryotes have also been successfully used in a cell culture system to isolate a variety of amoeba-resisting bacteria from clinical samples (43, 46) .
The fact that C. pneumoniae (27) and S. negevensis (59, 75) are able to infect Acanthamoeba in vitro and the fact that free-living amoebae likely play a role as an environmental host of Simkania (61) support the use of Acanthamoeba to isolate novel chlamydiae from clinical samples. Of note, Neochlamydia hartmannellae (57) (but not other Neochlamydia spp. [36] ), has been successfully grown within Hartmannella vermiformis but not within Acanthamoeba. Moreover, Waddlia chondrophila may grow in Acanthamoeba and other free-living amoebae, but only after subcultivation in H. vermiformis (78) . Efforts to cultivate Fritschea in Acanthamoeba have failed (28) . In addition, experimental studies have shown that (i) a wide diversity of free-living amoebae are able to sustain the growth of the new chlamydiae and (ii) not all strains of a free-living amoeba species are susceptible to infection by these agents. This should be taken into account when interpreting negative coculture results (Table 2) (35, 57, (75) (76) (77) (78) 89) . Thus, the use of more than one strain of Acanthamoeba and/or the use of several amoeba species (e.g., Acanthamoeba and Hartmannella) is recommended to increase the rate of isolation of chlamydiae, at least from clinical samples that give a positive PCR result. In addition to the possible problem of a persistent viable but noncultivable stage, false-negative culture may also occur due to the use of a cell that is not permissive to a given species (i.e., Neochlamydia and Acanthamoeba) or due to the presence of antibiotics in the amoebal coculture to which the bacterium is susceptible. False-positive results might occur if the cell line is contaminated with an endosymbiotic chlamydia (which will not be easily detected) or if the broth is not adequately filtered and/or heat sterilized.
Amoebal Enrichment
Since amoebae may harbor Parachlamydiaceae, S. negevensis (59, 61, 75) , and Waddlia chondrophila (78) , it may be useful to first isolate amoebae from clinical samples and then look within these amoebae for whether a chlamydia is present. Screening of environmental samples for the presence of amoebae may also contribute to the identification of a possible source of infection (e.g., humidifiers or air conditioning systems).
Amoebal enrichment may be performed using established pro- 
Stainings
Detection of bacteria that grow in both cell culture and amoebal culture may be performed using different staining methods (Gram, Giemsa, Gimenez, or immunofluorescence) or using fluorescent in situ hybridization (FISH). Since chlamydiae are inconsistently stained with Gram stain, alternative stains are preferred, such as Giemsa and Gimenez stains. With Giemsa stain, the bacteria stain blue. To obtain a better contrast, alternative staining approaches such as the Giemsa-MayGrünwald stains may be useful, since the cell nucleus is stained with eosin, whereas the chlamydiae appear as clear blue dots on the slightly stained cytoplasm background. This staining method, slightly modified to use eosin, a thiazine derivative, and a fixative methanol solution, is commercially available (DiffQuick set; Dade, Düdingen, Switzerland) and may be easily implemented even in routine diagnostic laboratory procedures. However, the best staining for screening is probably the Gimenez method (38) . The chlamydiae appear as reddish-staining bacteria (fuchsin) against a green background (malachite green). Briefly, the staining solution, which contains basic fuchsin (10 g/liter) in ethanol (10%) and phenol (1%), is diluted in a phosphate buffer (NaH 2 PO 4 -Na 2 HPO 4 ) and applied to the sample for 1 or 2 min. Then, after washing with water, counterstaining is performed twice with malachite green (0.8% in water) for 15 to 30 seconds. After washing with tap water and dry blotting, the sample is ready to be examined.
The sensitivity of immunofluorescence for chlamydia detection is probably higher than that of standard staining techniques. However, its use for the detection of novel chlamydiae is limited by the specificity of anti-Chlamydiaceae antibodies (anti-LPS or anti-major outer membrane protein) and by the limited availability of antibodies directed against the new chlamydia species. It should be noted that reactivity against antiChlamydiaceae LPS antibodies has been reported for the distantly related fish pathogen Piscichlamydia salmonis (24) and for at least two uncharacterized chlamydia-like organisms infecting a fish (52) and an oyster (84) .
FISH using rRNA-targeted oligonucleotide probes is widely used for the detection of uncultured bacteria in complex environmental microbial communities. It may also be a valuable tool for the rapid detection of novel chlamydiae in clinical specimens. Poppert et al. (82) developed a set of probes that may specifically detect and differentiate most Chlamydiaceae that are pathogenic to humans (C. pneumoniae, C. trachomatis, and C. psittaci) and a "Chlamydiales" probe that detects some Chlamydiaceae and Parachlamydiaceae (82) . FISH-stained chlamydiae were demonstrable as early as 12 h p.i., and rRNA highlighted by FISH colocalized with chlamydial antigen, further supporting the validity of this approach. Its use on clinical specimens, however, has not yet been validated.
SEROLOGY
In addition to molecular approaches and culture, serology is increasingly used to assess the pathogenic roles of the novel chlamydiae, even though serology provides only an indirect hint of pathogenicity (5, 31, 48, 66, 71 ).
An enzyme-linked immunosorbent assay (ELISA) has been developed for the diagnosis of Simkania negevensis infection (60, 67) . This ELISA, which may detect immunoglobulin A (IgA) and IgG antibodies (but not IgM), was initially designed to work with sera diluted 1:30 to 1:100 for IgA and IgG, respectively (67) . With this ELISA, the presence of IgA was empirically considered as an indicator of recent infection, whereas that of IgG suggested recent or past infection. Using this ELISA at the mentioned serum dilutions, as many as 39 to 68% of healthy adults living in different parts of the world (Israel, Canada, the United States, and Denmark) were found to be seropositive (32) . Of note, using immunofluorescence and a cutoff for positivity of as low as 1:8, Yamaguchi et al. did not find such a high prevalence, with a 7.5% seroprevalence in adults and a maximum seropositivity of 15% in elderly subjects (94) . Thus, the clinical significance of antibody reactivity against Simkania should be interpreted with caution, especially when using ELISA. Yamaguchi et al. also showed limited cross-reactivity between Simkania and C. pneumoniae (94) .
Immunofluorescence, which is considered the gold standard for Chlamydiaceae (23) , has been used for Parachlamydiaceae in different studies, supporting the role of these organisms in community-acquired pneumonia (4, 5, 71) and in aspiration pneumonia (48) . Whole heat-inactivated bacteria were used as the antigen. Cutoffs for seropositivity used in these studies ranged from an antibody titer of Ͼ1:50 (71) to Ն1:128 (4).
To use the same dilutions as those used for the diagnosis of Chlamydia-related infections (23), it seems preferable in the future to use serial dilutions starting at 1:8 and not at 1:25 for the diagnosis of infections due to the new chlamydiae. Since among 100 sera taken from healthy blood donors, none exhibited an antibody titer of Ն1:50, we suggest considering an anti-IgG titer of Ն1/64 as evidence of prior infection. Based on our own experience and the criteria used by Marrie et al. (71), we suggest considering the following serological results as indicative of a recent infection: (i) a single IgM titer of Ն1:32, (ii) seroconversion (IgG increase from 0 to Ն1:64 in paired specimens), and (iii) a Ն4-fold rise in the IgG titer between acute-and convalescent-phase sera. Since no definite cutoffs have been established for immunofluorescence for Simkania and Waddlia spp., we propose to also use these cutoffs for these chlamydiae.
Confirmation of positive immunofluorescence results by Western blotting has been reported for sera that tested positive for Parachlamydia (48) and for Simkania (94) . For Parachlamydia, proteins of approximately 60 kDa and 48 kDa were shown to exhibit the strongest antigenicity, whereas for Simkania, a strong and specific signal was observed at 64 kDa. More important, this 64-kDa signal was shown to be specific for Simkania, still being present after serum adsorption with C. pneumoniae. The degrees of cross-reactivity between the different novel chlamydia species and between every member of the Chlamydiales remain to be determined. Indeed, false-positive results may be caused mainly by serological cross-reactivities. Therefore, Western blotting and cross-adsorption, which may be of some help in confirming the specificity of any seropositive test result, should ideally be performed.
CONCLUSION
In conclusion, there is increasing evidence of the pathogenicity of Simkania negevensis (32) and Parachlamydia acanthamoebae (40) , especially as agents of lower respiratory tract infection. The pathogenic potentials of additional novel chlamydiae remain to be defined (14) . Consequently, there is an urgent need for efficient and standardized diagnostic approaches. Based on the published reports, a combined diagnostic strategy using both molecular approaches and serology as an initial diagnostic screening work-up seems appropriate. Positive results may then be confirmed by cell and amoebal coculture. Future diagnostic challenges include the identification of the best PCR protocols, confirmation of the serological cutoff levels that we have proposed here, and the determination of the optimal growth conditions for each novel chlamydia. We hope that the present review will help stimulate clinical diagnostic microbiology laboratory and research teams to work in this exciting emerging field.
